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Edited by Felix WielandAbstract Rsp5 is an essential E3 ubiquitin ligase in Saccharo-
myces cerevisiae and is known to ubiquitinate plasma membrane
permeases followed by endocytosis and vacuolar degradation.
We previously isolated the rsp5 mutant that is hypersensitive
to various stresses, suggesting that Rsp5 is involved in degrada-
tion of stress-induced abnormal proteins. Here, we analyzed the
ability to refold the proteins by stress proteins in the rsp5 mu-
tant. The transcription of stress protein genes in the rsp5 mutant
was signiﬁcantly lower than that in the wild-type strain when ex-
posed to temperature up-shift, ethanol or sorbitol. Interestingly,
the amounts of transcription factors Hsf1 and Msn4 were
remarkably defective in the rsp5 mutant. These results suggest
that expression of stress proteins are mediated by Rsp5 and that
Rsp5 primarily regulates post-translational modiﬁcation of Hsf1
and Msn4.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Saccharomyces cerevisiae1. Introduction
Yeast Saccharomyces cerevisiae cells are exposed to environ-
mental stresses during fermentation. Stress induces protein
denaturation, generates abnormal proteins, and leads to
growth inhibition or cell death. Therefore, stress tolerance is
the key for yeasts in industrial applications. We analyzed the
stress-tolerant mechanism and function in yeast based on
abnormal proteins [1–3]. Addition of some amino acid ana-
logues can induce a transient physiological stress response in
cells comparable to that of heat shock stress [4,5]. Azetidine-Abbreviations: AZC, azetidine-2-carboxylic acid; HECT, homologous
to E6-AP carboxyl terminus; HSE, heat shock element; STRE, stress
response element; HA, hemagglutinin; YPD, yeast extract/peptone/
dextrose; SC, synthetic complete
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logue of proline and is transported into yeast cells via proline
transporters. It causes misfolding of the proteins into which it
is incorporated competitively with proline [6,7]. Therefore, the
accumulation of abnormal proteins causes growth inhibition
and cell death in yeast [M. Nomura and H.T., unpublished
work]. Similar results were observed in both animal and bacte-
rial cells [8,9].
We previously isolated the AZC-hypersensitive mutant of S.
cerevisiae and identiﬁed the RSP5 gene involved in the growth
when yeast cells were exposed to AZC [2]. Rsp5, which encodes
an essential E3 ubiquitin ligase containing the HECT-domain
(homologous to E6-AP carboxyl terminus), is known to ubiq-
uitinate plasma membrane permeases followed by endocytosis
and vacuolar degradation [10–12]. In the Rsp5 sequence of the
mutant, we found a single amino acid change of Ala401 by Glu
in the third WW domain [13,14]. This domain is a protein
interaction module. Interestingly, when yeast cells were ex-
posed to stresses that induce protein misfolding in the cell such
as toxic amino acid analogues, high growth temperature in a
rich medium, ethanol, and heat-shock treatment, the rsp5 mu-
tant showed much more sensitivity to these stresses than the
wild-type strain [2]. These results suggest that Rsp5 is involved
in degradation of the targeted proteins in these cellular events
through ubiquitination.
In S. cerevisiae, two major transcription factors, Hsf1 and
Msn2/4, appear to be responsible for stress-induced gene
expression [15,16]. Hsf1 binds to heat shock elements (HSEs)
and Msn2/4 binds to stress response elements (STREs) found
in the promoters of many heat-inducible genes encoding stress
proteins, such as HSP42 and DDR2. Some stress protein genes
such as HSP12 and HSP30 contain both HSEs and STREs in
their promoters. Recently, misfolded proteins have been re-
ported to mediate heat shock activation of heat shock factors
and their target genes [17,18]. Furthermore, HSE-mediated
gene expression was defective in the rsp5 mutant under high
temperature conditions. Rsp5 may have a new function for
the HSE-mediated gene expression and may regulate it
through factors other than Hsf1 [19]. In response to stresses,
the rsp5 mutant cells could enhance the refolding ability by
molecular chaperones including stress proteins instead of the
degradation system. In this study, we examined the transcrip-
tion of stress proteins under various stress conditions and
showed that Rsp5 regulates the expression of stress proteins
and their transcription factors.blished by Elsevier B.V. All rights reserved.
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2.1. Strains and culture media
All yeasts used in this study were the S. cerevisiae strains with a
S288C background. CKY8 (MATaura3-52 leu2-3, 112) was supplied
by C. Kaiser. An AZC-hypersensitive mutant CHT81, which has a
mutation in RSP5, was isolated from CKY8 after ethyl methanesulfo-
nate treatment [2]. Escherichia coli strain DH5a [FkU80lacZDM15
D(lacZYA argF)]U169 deoR recA1 endA1 hsdR17 ðrkmþk Þ supE44 thi-
1 gyrA96] was used to subclone the yeast gene. The media used for
growth of S. cerevisiae were yeast extract/peptone/dextrose (YPD)
(2% glucose, 1% yeast extract, 2% peptone) and synthetic complete
(SC) [20] consisting of 2% glucose, 0.67% Bacto Yeast Nitrogen Base
with ammonium sulfate (Difco Laboratories) and drop-out mix lack-
ing leucine (SC-Leu) or lacking uracil (SC-Ura).2.2. Plasmids
Plasmid pBluescript II SK+ (Toyobo Biochemicals) and plasmid
pKF3 (Takara Bio) harboring the bacterial ampicillin-resistant gene
and the bacterial chloramphenicol-resistant gene, respectively, were
used to subclone and sequence the yeast gene. Plasmid pFA6a-3HA-
kanMX6 (supplied by K. Kitamura) [21], which has the bacterial ampi-
cillin-resistant gene and the kanMX6 cassette for selective marker for
E. coli and S. cerevisiae, respectively, was used to subclone hemagglu-
tinin (HA)-tagged HSF1 or MSN4. The 2 l-based high-copy-number
plasmids pAD4 (supplied by J. Nikawa) and pYES2 (Stratagene),
which contain LEU2 and URA3, respectively, were used for comple-
menting the auxotrophic markers and for expressing the yeast genes.
Plasmids pAD-RSP5, pAD-HSP12, pAD-HSP42, and pAD-DDR2
were used for expressing RSP5,HSP12,HSP42, andDDR2 under con-
trol of the ADH1 promoter, respectively. The DNA fragment of RSP5
was ampliﬁed by PCR performed with genomic DNA from strain
CKY8 and oligonucleotide primers 5 0-A ACC AAG CTT AAA
AGA CAT ACG CTT AAC CA-3 0 and 5 0-A CCG GAA TTC CGT
TTC AAG TAT GTA CCT CA-3 0. The underlined sequences indicate
the positions of the HindIII and EcoRI restriction sites, respectively.
The unique ampliﬁed band of 3.4-kb corresponding to RSP5 with
0.5-kb up/downstream was digested with HindIII and EcoRI, and then
ligated into the HindIII and EcoRI sites of pBluescript II SK+ to con-
struct pBlue-RSP5. The HindIII–SacI fragment was then ligated into
the HindIII and SacI sites of pAD4 to construct pAD-RSP5. The frag-
ment ofHSP12,HSP42, and DDR2 were ampliﬁed by PCR performed
with oligonucleotide primers 5 0-CCA AAA CTG CAG CAA AAC
AAA AAA AAC TAA ATA CAA CA-3 0, 5 0-AAC CCC GAG CTC
TAC AAA GAG TTC CGA AAG AT-3 0, 5 0-CCA AAA CTG CAG
GAT CAT ACC AAG CCG AAG CA-3 0, 5 0-AAC CCC GAG CTC
TGT GTG TAT AAA CAG ATA CG-3 0, 5 0-CCA AAA CTG CAG
CAC GCT AAT TTA ATA TCG ATT TAA AC-3 0, and 5 0-AAC
CCC GAG CTC CAG TAA GCG GCG TTT TTC-3 0, respectively.
The underlined sequences indicate the positions of the PstI and SacI
restriction sites, respectively. The unique ampliﬁed bands of 0.3-kb cor-
responding toHSP12, 1.1-kb corresponding toHSP42, and 0.2-kb cor-
responding to DDR2 were digested with PstI and SacI, respectively,
and then ligated into the PstI and SacI sites of pAD4 to construct
pAD-HSP12, pAD-HSP42 or pAD-DDR2, respectively.
The DNA fragment of HSF1 and MSN4 were ampliﬁed by PCR
performed with oligonucleotide primers 5 0-A CGC GTC GAC TAC
TCC ACT AAG GCC AGT AG-30, 5 0-A TCC CCC GGG CCC*
TTT CTT AGC TCG TTT GGG CA-3 0, 5 0-A CGC GTC GAC
TAC GAA GCG GTT GGT AGC GA-30, and 5 0-A TCC CCC
GGG CCC* AAA ATC ACC GTG CTT TTT GT-3 0. The underlined
sequences indicate the positions of the SalI and SmaI restriction sites,
respectively, and the asterisk shows the replacement of the termination
codon by Gly in HSF1 or MSN4. The unique ampliﬁed bands of 3.2-
kb corresponding to HSF1 with 0.7-kb upstream and 2.6-kb corre-
sponding to MSN4 with 0.7-kb upstream were digested with SalI
and SmaI, respectively, and then ligated into the SalI and SmaI sites
of pFA6a-3HA-kanMX6 to construct pFA-HSF1-HA or pFA-
MSN4-HA, respectively. The 3.3-kb SalI–BglII fragment of HSF1-
HA from pFA-HSF1-HA and the 2.7-kb SalI–BglII fragment of
MSN4-HA from pFA-MSN4-HA were then ligated into the SalI and
BglII sites of pKF3 to construct pKF-HSF1-HA or pKF-MSN4-
HA, respectively. The DNA fragment of HSF1-HA and MSN4-HA
were ampliﬁed by PCR performed with pKF-HSF1-HA and pKF-MSN4-HA, and oligonucleotide primers 5 0-A TCG CTG CAG GC
TGG AAG GGA AAG GAA ACA-3 0, 5 0-GAA GGA CAC AAC
CTC GAG GAA CAC TCT GTT-30, 5 0-T AGC CT GCA G AAC
GCC TTT ATC AGT TCG GC-3 0, and 5 0-GAA GGA CAC AAC
CTC GAG GAA CAC TCT GTT-3 0. The underlined sequences indi-
cate the positions of the PstI and SacI restriction sites, respectively.
The unique ampliﬁed bands of 2.5-kb corresponding to HSF1-HA
and 1.9-kb corresponding to MSN4-HA were digested with PstI and
SacI, respectively, and then ligated into the PstI and SacI sites of
pAD4 to construct pAD-HSF1 or pAD-MSN4, respectively. The
nucleotide sequences of the cloned genes in this study were conﬁrmed
by DNA sequencing.
2.3. Northern blot analysis
Northern blot analysis was carried out by using an AlkPhos Direct
Labelling Reagents and Detection system (Amersham Biosciences).
Total RNA from S. cerevisiae was isolated by the method of Ko¨hrer
and Domdey [22]. RNA was separated in 1.0% agarose gel and trans-
ferred to nylon membrane. As a DNA probe, the DNA fragments of
ACT1 was prepared by PCR with oligonucleotide primers 5 0-C CCG
GAA TTC GGT TGC TGC TTT GGT TAT TG-3 0 and 5 0-A CGC
GTC GAC GAA ACA CTT GTG GTG AAC GA-3 0. The underlined
sequences indicate the positions of the EcoRI and SalI restriction sites,
respectively. The unique ampliﬁed band of 1.4-kb corresponding to
ACT1 was digested with EcoRI and SalI, and then ligated into the
EcoRI and SalI sites of pBluescript II SK+. The nucleotide sequence
of the cloned ACT1 was conﬁrmed by DNA sequencing. The DNA
fragments of HSP12, HSP42, DDR2, HSF1, and MSN4, which were
digested with PstI and SacI from pAD-HSP12, pAD-HSP42, pAD-
DDR2, pAD-HSF1, and pAD-MSN4, respectively, were used as
DNA probes. Each unique prepared band was puriﬁed from agarose
gel, denatured, and labeled according to the protocol recommended
by the supplier.
2.4. DNA microarray analysis
Total RNA was extracted from yeast cells by the hot phenol method
[22], followed by further puriﬁcation with RNeasy Mini Kit (QIA-
GEN). Quality of the total RNA samples were checked with Agilent
2100 Bioanalyzer (Agilent Technologies). GeneChip Yeast Genome
S98 Array (Aﬀymetrix) was used for this study. Total RNA was la-
beled using GeneChip One-Cycle Target Labeling and Control Re-
agents (Aﬀymetrix). The labeling of total RNA, hybridization to
DNA microarray and scanning were performed according to the man-
ufacturer’s instruction. Microarray analyses were repeated twice using
total RNA samples from two independent experiments. Microarray
data were analyzed using GeneSpring 7 software (Silicon Genetics).
Global normalization in which signal intensities were divided by a
median of all data was performed to compare diﬀerent samples. Diﬀer-
entially expressed genes between two strains were extracted by t-test
with a P value of less than 0.01.
2.5. Western blot analysis
Yeast cells were cultured to the exponential growth phase (OD600 of
1.0) in SC-Leu medium. The cells were harvested and washed, and the
whole-cell extracts were prepared by vortexing the cells with glass
beads in 1 M Tris–HCl buﬀer (pH 7.5) containing 0.5 M EDTA,
1 M MgCl2, 1 M KCl, 5% glycerol, and 2% SDS [23]. The supernatant
(50 lg of solubilized proteins) after centrifugation (30 min at
15000 · g) was boiled for 5 min and loaded on a 7.5% SDS–polyacryl-
amide gel. Hsf1-HA and Msn4-HA were detected by using an ECL
plus Western blotting Detection System (Amersham Biosciences) and
anti-HA (12CA5) monoclonal antibody at 1:2000 dilutions (Roche).
Protein concentrations were determined with a Bio-Rad dye staining
kit.3. Results and discussion
3.1. The ubiquitin ligase Rsp5 is required for expression of stress
proteins under various stress conditions
Our previous work suggested that Rsp5 was involved in selec-
tive degradation of abnormal proteins [2]. Yeast cells carrying
Fig. 1. Expression of stress proteins was defective in the rsp5 mutant
under various stress conditions. Strains CKY8 and CHT81 cells were
grown to logarithmic phase on YPD medium at 25 C and subjected to
temperature up-shift (from 25 to 37 C), ethanol (9%), and sorbitol
(1 M). Total RNA (10 lg) from each strain was prepared from samples
collected before (time = 0) and at several times after temperature up-
shift, and was hybridized to three stress protein genes (HSP12,HSP42,
and DDR2). Relative amount of transcript was measured by densito-
metric estimates. The highest level of transcription in each gene is given
as 100%. As an internal control, the level of ACT1 encoding actin was
also measured in the same blot.
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as addition of amino acid analogues in a minimal medium,
H2O2, and transient heat shock treatments, or a combination
of a rich growth medium and elevated temperature. Therefore,
we think that stress-induced abnormal proteins were accumu-
lated in the rsp5 mutant cells, probably because of their failure
to degrade. In general, the accumulation of stress-induced
abnormal proteins in the cells is a serious problem. To over-
come the accumulation of stress-induced abnormal proteins,
two strategies can be considered: (i) to degrade the proteins
through an ubiquitin–proteasome system or (ii) to refold the
proteins by molecular chaperones. It is interesting whether
the rsp5 mutant results in stronger or more prolonged activa-
tion in response to stress treatment. To analyze the eﬀect of
Rsp5 on the expression of stress proteins, we examined the level
ofHSP12,HSP42, andDDR2 expression in wild-type and rsp5
mutant cells under various stress conditions (Fig. 1). Strains
CKY8 (wild-type) and CHT81 (rsp5 mutant) grown at 25 C
were exposed to elevated temperatures up to 37 C, 9% ethanol,
or 1 M sorbitol. Expressions of HSP12, HSP42, and DDR2 in
strain CKY8 were strongly increased after the shift to 37 C
and ethanol treatment. The mRNA level of HSP12 was also
remarkably induced by addition of sorbitol, but those of
HSP42 and DDR2 were weakly induced. Induction of HSP12
in response to temperature up-shift and sorbitol treatment
peaked at the 30-min time point. In contrast, induction of
HSP12 by ethanol treatment had only begun at the 120-min
time point. We think that ethanol can disrupt protein folding
by a mechanism distinct from that of temperature up-shift
and sorbitol treatment [24]. Although we do not know the
mechanistic basis for this induction, such diﬀerences in the
kinetics of induction of HSE-, STRE-, or HSE/STRE-mediated
gene may reﬂect the diﬀerent sensitivities of the promoters to
the activity of transcription factors, diﬀerent kind of stresses,
and the denatured state of proteins.
On the other hand, interestingly, the levels of expression of
these genes in the rsp5 mutant exposed to various stresses were
signiﬁcantly lower than those in the wild-type strain. Judging
from densitometric estimates, the relative amounts of tran-
scripts were lower by 40–50% in the rsp5 mutant. In addition,
so long as yeast cells were grown at 25 C under non-stress
conditions, the gene expression was not induced in either strain
(data not shown). These results indicate that Rsp5 regulates
HSE-, STRE-, and HSE/STRE-mediated gene expressions
during exposure to stress.
3.2. Expression of Hsf1- or Msn2/4-dependent genes is defective
in the rsp5 mutant
As shown in Fig. 1, Rsp5 plays an important role in the
induction of stress proteins under stress conditions. To obtain
a more comprehensive view of these changes in gene expres-
sion, we performed a DNA microarray analysis of the ethanol
treatment (Table 1). Total RNA samples were extracted from
the wild-type and rsp5 mutant cells growing in YPD medium
in the absence or presence of 10% ethanol for 1 h. In good
agreement with the Northern blot analysis, the microarray
data showed that increases after the addition of ethanol in
HSP12, HSP42, and DDR2 mRNAs were considerably lower
in the rsp5 mutant than in the wild-type strain. Moreover, sim-
ilar results were obtained from other Hsf1- or Msn2/4-depen-
dent genes. The transcriptional levels of HSP60, HSP82, and
HSP26 containing HSEs and of CTT1 and TPS2 containingSTREs were clearly decreased in the rsp5 mutant relative to
those of the wild-type strain. These ﬁndings strongly suggest
that Rsp5 participates in the expression of multiple stress pro-
teins.
3.3. Rsp5 and stress proteins are coordinately involved in cell
survival under stress conditions
Based on the results so far obtained, we consider that the
rsp5 mutant has enhanced sensitivity to stresses for two inde-
pendent reasons. First, the rsp5 mutant cannot recognize and
bind to abnormal proteins via its WW domains to conjugate
ubiquitin; thus, the ubiquitination-triggered degradation of
target proteins in vacuole or in proteasome fails, causing
growth inhibition. Second, the rsp5 mutant fails to repair
abnormal proteins because the expression of stress proteins
is not suﬃciently induced. To demonstrate the hypothesis,
Table 1
Selected results from microarray-derived expression changes of known genes after ethanol treatment for 1 h
Gene name Protein function Transcriptional rates after 1 h CKY8/CHT81
CKY8 CHT81
Containing HSEs -fold -fold
HSP42 Heat shock protein 84.2 62.5 1.3
HSP60 Heat shock protein 2.7 2.0 1.3
HSP82 Heat shock protein 49.8 32.2 1.5
Containing STREs
DDR2 DNA damage responsive 15.5 4.0 3.9
CTT1 Catalase T 6.8 3.4 2.0
TPS1 Trehalose-6-phosphate synthase 5.1 4.8 1.1
TPS2 Trehalose-6-phosphate phosphatase 8.4 3.6 2.3
Containing both HSEs and STREs
HSP12 Heat shock protein 49.5 16.7 3.0
HSP26 Heat shock protein 202.3 135.7 1.5
HSP104 Heat shock protein 12.6 27.9 0.45
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under control of the ADH1 promoter in the rsp5 mutant. We
tested the growth phenotype of these transformants with vari-
ous stresses that induce protein misfolding in the cell (Fig. 2).
When yeast cells were grown at 25 C in SC-Leu medium and
exposed to stresses such as high growth temperature, ethanol,
and LiCl combined with a YPD medium, all of the transfor-
mants were capable of growing to the level of the wild-type
strain. Thus, overexpression of stress proteins complemented
the sensitivities to various stresses of the rsp5 mutant. We
think that the increased stress sensitivity of rsp5 mutant cells
mainly results from the reduced induction of stress proteins.
It is technically diﬃcult for us to compare the accumulation
of abnormal proteins in wild-type strain and the rsp5 mutant,
but we now try to identify abnormal cellular proteins gener-
ated by various stresses.
3.4. Rsp5 involves in post-translational modiﬁcation of Hsf1 and
Msn4
In conclusion, under stress conditions, the rsp5 mutant was
found to yield decreased expression of stress proteins. There-
fore, Rsp5 may have the heretofore unknown function of reg-
ulating expression of stress proteins through ubiquitination of
two transcription factors. Recently, it was reported that
homologous transcription factors, Spt23 and Mga2, are ubiq-
uitinated by Rsp5 and partially degraded by the 26S protea-
some, and that the truncated forms are imported to the
nucleus for the transcription of ORE1, a gene required forFig. 2. Overexpression of stress proteins complemented stress-hypersensiti
phenotypes of various strains were examined. Approximately 106 cells of ea
spotted and incubated onto YPD medium, YPD medium containing 12% eth
for 4 days.the synthesis of essential oleic acid [25,26]. In fact, Hsf1 con-
tains sequences like the LPKY-motif that mediate an interac-
tion with the substrate-binding domain of Rsp5 [27]. To
analyze the eﬀect of Rsp5 on expression of the transcriptional
factors, we determined the mRNA levels and the protein
amounts of Hsf1 and Msn4 in the wild-type and the rsp5 mu-
tant cells. Total RNA samples were extracted from the wild-
type and rsp5 mutant cells growing in SC medium. The mRNA
level of HSF1 andMSN4 in the rsp5 mutant was slightly lower
than that of the wild-type strain (Fig. 3A). Rsp5 may regulate
the amount of HSF1 and MSN4 gene transcription. Subse-
quently, we constructed two plasmids pAD-HSF1 and pAD-
MSN4, which contain the carboxyl-terminus of HA-tagged
Hsf1 or Msn4, respectively, and introduced each plasmid into
the wild-type and rsp5 mutant strains. When the transformant
cells were grown at 25 C in SC-Leu medium, we carried out
Western blot analysis as described in Section 2. As shown in
Fig. 3B, it is noteworthy that there was a marked diﬀerence
in the protein levels of Hsf1 and Msn4 in the wild-type and
rsp5 mutant cells; the Hsf1 and Msn4 levels were remarkably
defective in the rsp5 mutant. Moreover, we think that plas-
mid-based ADH1 expression is not regulated by Rsp5, because
similar results were obtained from pYES2-based high-copy-
number plasmids pYES-HSF1 and pYES-MSN4, which were
used for expressing HSF1 and MSN4 under control of their
original promoters, respectively (data not shown). These re-
sults suggest that Rsp5 primarily regulates post-translational
modiﬁcation of Hsf1 and Msn4.vity of the rsp5 mutant under various stress conditions. The growth
ch strain and serial dilutions of 101 to 105 (from left to right) were
anol or 50 mM LiCl at 25 C for 3 days, or onto YPD medium at 36 C
Fig. 3. Expression of Hsf1 and Msn4 was defective in the rsp5 mutant. (A) Strains CKY8 and CHT81 cells were grown to logarithmic phase on SC
medium at 25 C. Total RNA (10 lg) from each strain was prepared and hybridized to HSF1, MSN4, and ACT1 probes. (B) Recombinant strains
CKY8 (pAD4), CKY8 (pAD-HSF1), CKY8 (pAD-MSN4), CHT81 (pAD4), CHT81 (pAD-HSF1), and CHT81 (pAD-MSN4) were grown to
logarithmic phase on SC-Leu medium at 25 C. Whole cell extracts were prepared from a set of cultures and analyzed by Western blot analysis using
anti-HA monoclonal antibody. The 3-phosphoglycerate kinase Pgk1 was used as a protein-loading control.
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HSEs and the binding of Msn4 to STREs constitutively active
HSE- and STRE-mediated gene in response to both heat and
oxidative stresses. However, it remains unclear how Hsf1
and Msn4 are transported into the nucleus. In this process,
Rsp5 may play a signiﬁcant role in regulation of the expression
and the transport of Hsf1 and Msn4 through ubiquitination.
We think that two transcription factors in the rsp5mutant cells
could be degraded by unknown protease(s), probably because
of their failure to transport into the nucleus. Our results sug-
gest that the rsp5 mutant, which has a single amino acid
change of Ala401 by Glu in the third WW domain, cannot rec-
ognize and bind to Hsf1 and Msn4 via its WW domains to
conjugate ubiquitin. However, Kaida et al. reported that the
protein amount and phosphorylation state of Hsf1 were simi-
lar between the wild-type strain and a temperature-sensitive
rsp5-101 mutant in which the mutation site is not elucidated
both before and after a high temperature shift [19]. We cannot
clarify this discrepancy here, but it might result from the genet-
ic backgrounds of the S. cerevisiae strains used or the allele
speciﬁcity of the rsp5 mutants. Therefore, we must further
examine the ubiquitination and the localization of Hsf1 and
Msn4 under stress conditions in rsp5 mutant cells. This could
be a useful method for studying stress responses and breeding
novel stress-resistant yeast strains.
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